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INTRODUCTION
The Problem
The design, analysis, construction, monitoring and
maintenance of earth dams, embankments, and natural
slopes provide the geotechnical engineer with challenges
that are unequaled by any other type of project. To be
effective in these activities the engineer must be a geologist,
a hydrologist, a designer, a mechanician, a materialist, a
builder, and a handyman. Most of all, he must be a
competent observer able to synthesize economical and
technically feasible solutions to problems that are often
unique, with only vague precedents to guide his actions.

The papers presented to the Conference will be .used as a
statistical sampling of problems, concerns, and the state of
knowledge that affect our ability to deal with earth dams,
embankments, and natural slopes. In this evaluation we
must be careful to keep in mind that it is usually more
interesting to speak to our colleagues about defeats than it is
to speak about triumphs. When someone tells us about
problems, we trust his sincerity and openness. When
someone only talks about his successes, we question his
memory.

The increasing sophistication with which we are able to solve
problems involving earthdams, embankments, and natural
slopes is grounded in our knowledge of successful and
unsuccessful actions repeatedly performed by ourselves or
by others in the past. These actions occur in domains of
effort such as design, analysis, construction, or maintenance.
Based on our knowledge of repeated past performance in
the domains in which the actions occur, we are able to
speculate with various ·degrees of certainty about future
behavior. We call this "knowledge" when others assess that
our efforts have been effective.

We will speculate on recurring past problems that we assess
will continue to cause difficulties in the future. This will give
us an opportunity to point out areas of concerns for which
further research or field experimentation is neec;fed. We will
also propose new areas of c.oncerns dealing with both
environmental issues and the maintenance of existing
structures that we propose will present future challenges to
our profession.
The goal of the paper is to open up a discussion on the
future of geotechnical engineering of earth dams,
embankments, and natural slopes, so that we, as
geotechnical engineers, can be ready for future possibilities
and challenges.

The Solution
This International Conference on Case Histories in
Geotechnical Engineering gives us a unique opportunity to
learn how to better design, analyze, construct, and maintain
earth dams, embankments, and natural slopes. It gives us
an opportunity to review past actions through the study of
both successful and unsuccessful projects. It provides a
broad range of experience with dams, embankments, and
slopes in which to classify our knowledge. It provides a basis
against which to speculate on the problems that we expect to
recur in the future. It also makes it possible to speculate
about new areas of Geotechnical Engineering that we need
to be aware of to be able to take effective actions in the
future.
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PAST KNOWLEDGE, PROBLEMS, AND CONCERNS
sampling of Current Knowledge and Concerns: The 76
papers presented to the session on "Case Histories of Dams,
Embankments, and Slopes" provide a unique opportunity to
collect and classify the current worldwide knowledge for
these classes of structures. Fifty~four conference papers
were made available to us prior to the conference. We were
able to classify the papers into categories and to look at
problems, concerns, and knowledge based on the type of
structures dealt with in each of the reports.
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Table 1 summarizes the case histories presented to the
Conference session on Dams, Embankments, and Slopes
{available to the authors of this paper) based on the type of
structures considered. It may be seen that 63% of the
histories dealt with dams and dikes; 20% dealt with
embankments; 9% dealt with natural slopes, flood banks,
bluffs and valley instability; and 8% dealt with other concerns.

TABLE 1
CLASSIFICATION OF CASE HISTORIES

The answer of course is number 5. We assess that the
reason why so few case histories are presented is that
natural slope processes are often ~tudied by geologists and
engineering geologists and reported on in their literature.
Does this mean that Geotechnical Engineers with their
knowledge of measures for the monitoring of slope
movement, their ability to model a wide range of complicated
soil displacement problems, and their experience in
designing remedial measures to mitigate slope stability, are
not working on natural slope problems? We will discuss this
issue later when we speculate about future needs and
directions for the study of slope instability.

BY STRUCTURE TYPE

For the time being, therefore, we open our discussion with
our assessment of what we have learned about
embankments, dams, and slopes.

Session on Case Histories on
Dams, Embankments, and Slopes
Structure Type
Dams
Dikes
Embankments
Slopes
Flood Banks
Bluffs
Vatley slopes
Roads
Retainin9 Walls
Foundations
Excavations

No. of Case Histories
Presented*

29
5
11
5
1
1
1
1

DAMS AND DIKES
Table 2 summarizes the most prevalent problems and
concerns for dams and dikes as discussed in the papers
presented to this Conference. The Table shows the type of
projects, the type of performance recorded, the areas of
concern, the age of the structure, details of the original
design, details of the types of materials used, and the nature
of the problems experienced.

1

1
1

Total = 54 Cases

*

Papers available to the authors prior to the Conference
The main feature of the studies recorded in this Conference
concern:
1. Analysis of performance by finite element
methods with
a
comparison
between
computed and actual measured behavior.

Clearly, g,eotechnical engineers are more concerned with the
performance of dams and dikes than they are with the
performance of embankments. We speculate from our own
experience that this difference in concerns is related to the
fact that dams and di!{es hold back water with all of the
resulting problems that concern seepage, piping and the
leve·l of risk associated with possible inadequate performance
of these hydraulic structures.

2. The analysis of measured performance by
extensive instrumentation programs.
3. Remedial construction.
4. New construction methods.

The small number of case histories presented for slopes is
surprising and raises the following multiple choice questions:
Finite Element Methods:
Projects described in this
Conference repeatedly show that conventional analysis
techniques using elastic soil behavior and circular slip
surface conditions do not adequately model the performance
of many types of soil structures. However, it is clear from the
work presented in this Conference that finite element
methods have come of age in respect to their use for the
design of dams and dikes. Further, our knowledge of how to
use material properties in a staged finite element analysis is
increasing significantly.

1. Have we stopped having problems with natural
slopes?
2. Have natural slopes stopped falling?
3. Do we know everything necessary about slopes?
4. All of the above.
5. None of the above.
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One concern, however, seems to be the need to train people
in the successful use of finite element methods and the
selection of material properties for full size structures. This
does not seem to be an activity that can be learned in school.
It seems to require the use of a good field case history for
education. As always, there is a question of whether the
material properties measured either in the laboratory or in the
field properly model soil behavior. This in most cases can
only be confirmed through field observation, by comparing
predicted performance with measured performance and ·by
making the appropriate corrections to material properties to
match field performance with prediction made through the
analysis.

The agreement between predicted performance and
measured performance seems to be improving significantly
as our ability to model structures improves.
Typical
differences between predicted performance and measured
performance are about 10% to 20% for typical displacement
values of 1 meter. This is much better agreement than we
could have expected even a few years ago.
Construction Techniques: Engineers and contractors are
continually finding new and better ways to build dams and
embankments.
For example, pervious cohesionless
materials can be mixed with impervious asphalt or clay to
decrease their permeability. Long term measurement of the
performance of structures with hydraulically augmented and
improved materials have shown that the technology
continues to perform well with time.

Further, it is clear that the finite element method can show
locations of potential distress. These areas can then be the
subject of intense inspection or the site for the installation of
instrumentation to measure performance.

Strip drains have improved our ability to prov.ide stable
foundations for dams and dikes built on soft clays and on
other materials which experience the development of high
pore pressures under load.

TABLE 2
DAMS AND DIKES: KNOWLEDGE
PROBLEMS AND CONCERNS
1. Type nf Project: Dams and Dikes
2. Type of Performance
Inadequate
Adequate
Not built
Under construction
Nat assessed

8. Instrumentation
Originally installed
Installed prior to
problem
Installed subsequent
to problem

18
12
1
1
3

3. Area of Concern
Embankment
Foundation

24
17

4. Type of Problem
Interesting
Serious
Failure

14
15
5

5. Age of the Structure
Recent
Old

28
6

6. Original Designs
Conventional
Finite Element
Not Mentioned

20
1
13

9. Type of material
Clay
Sand
Silt
Tailings
Gravel
Peat
Rock
Bentonite
Geotextile
10. Nature of the Study Problem
Seepage
Poor Design
Stability
Settlement
Dispersive Soil
Poor Construction

20

7

13
9
5
2
2
2
2
1
1

9
6
5
4

2

1

11. Main Feature of the Studies

Initial
7. Testing and Analysis
17
Instrument Testing
13
Laboratory Testing
Finite Element
1
Visual Inspection
2
Slope Stability Analysis
Other Computer Methods
Other Analysis

Subsequent to
The Problem
13
15
8
4
6
2
7
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1. Analysis of performance by FEM.
Comparison between computed
and actual behavior.

5

2. Analysis of measured performance by
extensive instrumentation program.

5

3. Remedial construction.

3

4. New construction methods.

2

measure depends completely on the details of the proje
being evaluated. It is important to review all types of remedi
measures both for cost, technical feasibility, ar
effectiveness before deciding upon the appropriate techniqL
to apply to any one project.

Tailing : The econ.omical storage and disposal of tailings
continues to be of interest to the Geotechnical community.
Various construction techniques have been developed to
efficiently and economically store such materials. It is good
to see that the upstream method of tailing dam construction
has largely been replaced by the safer and more controlled
downstream method of construction.

In many cases a combination of different remedial methoc
will give the most cost effective and technically feasibl
method for insuring the safety of the project.

Construction Problems: Construction problems continue to
plague dam contractors and engineers. Here we are again
reminded from the Teton Dam failure that the interaction
between the design team and the construction team must be
ongoing throughout the history of dam construction. This
includes first filling through long term performance.
Particularly, the following conditions must be observed to
minimize the possibility of co[lstruction problems:

Determination of the Causes for Failure: The literature is fL
of case histories of dam failures and dam incidents. In man
cases these problems or failures are recorded with sam
degree of certainty. However, anyone who has sat througl
an investigation of a dam incident or a dam failure is aware c
the fact that the cause of the dam distress can never b1
determined with any degree of certainty. Five consultants or
a Board of Investigation may have five different reasons wh~
the dam experienced difficulties and these five reasons rna'
·
or may not be related.

1. Specifications must be followed rigorously.
2. Close attention must be paid to details because
many details that can become critical
problems can easily be overlooked.

Case history examples of dam instability repeatedly show w
that the most critical time in the life of a dam is during firs
filling. Repeated case history examples show us instances o
excessive seepage through the embankment, foundation, 01
abutment during first filling. This then reminds us to give
special attention to measurements and observations made
during first filling.

3. Inspectors must be qualified, experienced, and
maintain a watchful presence in the field.
4. Quality assurance inspection must be thorough
to insure that all details are being met.

Hydraulic distress after first filling is also a real possibility. For
example, after first filling, flooding, earthquakes, and other
natural disasters can cause hydraulic problems that need to
be considered in the design and in the monitoring of the
project.

Dispersive Clay:
Despite the great advances in our
knowledge of dispersive clays made by Sherard and the U.S.
Soil Conservation Service, dispersive materials still give
problems when used to construct embankments. Dispersive
soils can occur anywhere and the potential for dispersion
must be considered when evaluating the properties of
materials dam, embankment, or dike that impounds water.
Importantly it is understood that dispersive clays can be used
in earth dams if the proper precautions are taken. These
precautions include the use of residual strength values in
design when using these materials in embankments.

Instrumentation:
Instrumentation continues to be an
important modern addition to dams and has improved our
understanding of the performance of dams. It must be
remembered that not all dams need to be instrumented
(Dunnicliff, 1988). Instrumentation is generally called for only
when there is a particular design question that needs to be
verified or where there is a change in shape or condition ir
the dam which requires monitoring.
Nonetheless, i1
.abnormal embankment behavior is observed, the presence
of instrumentation makes the job of the designer and
engineer much easier as it provides a bench mark agains1
which to measure adequate and inadequate performance.

Remedial Measures: Remedial measures to improve the
performance of embankments and dikes is one of the
important efforts geotechnical engineers will be called upon
to perform in the future. Control of seepage continues to be
an important concern for the performance of dams. Other
importa~t concerns are clay seams in otherwise intact rock
foundations and both rapid and slow drawdown.

More and more dam case histories have been presented
showing us the confidence that can occur from properly
installed, monitored and evaluated dam instrumentation. It
must be remembered, however, that the monitoring of dam
performance without any idea of what constitutes acceptable
and unacceptable performance is a waste of time and

Typical remedial measures to control seepage include the
construction of downstream berms, grouting, and 'cutoff
walls. These and other typical remedial measures have all
been tried with various degrees of success on various
projects. We ar!3 reminded that the appropriate remedial
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money. Before any instrumentation is installed in a dam we
must remember that we need to predict; 1) what values of
measured performance are acceptable and, 2) what values
are unacceptable and require further evaluation or remedial
measures to mitigate potential problems. Without such a
pre-analysis, the use of instrumentation provides no
information against which to evaluate acceptable and
unacceptable performance.

Success has been achieved in the last few years in using
geo~reinforcement to provide extra support for embankments
built on soft foundations. Nonetheless, few of these projects
have been built and fewer case hi~tories exist.
One
successful example is described in the paper by Gilchrist
(1988) presented to this Conference.
More traditional
methods including sand drains, wick reinforcement and
staged construction are still being used with good results

Instrumentation is like liability insurance. You hate to pay the
bill and you continually ask yourself why you need it until the
time occurs when someone slips on your sidewalk. In more
than 90% of the cases where instrumentation is installed, the
performance of the structure is probably acceptable and no
further action is required except for periodic monitoring and
evaluation.
However in 10% of the cases, abnormal
conditions can arise which cause severe problems or the
need for remedial measures. These are the cases where
instrumentation is vital. Since we don't .know which 10% of
the dams or embankments we build will experience these
problems, it is considered prudent to put in at least a
minimum amount of instrumentation in ~ny dam which has a
potential for high hazard or loss of life due to failure or
distress. This is confirmed by papers presented to this
Conference that clearly show that when instrumentation data
was available, the costs of remedial measures or the potential
for distress were minimized.

TABLE3
SLOPES: KNOWLEDGE, PROBLEMS AND CONCERNS

1. Type of Project: Slopes (5 cases)
2. Type of Performance:
Inadequate
Adequate
Not Built
Not Assessed

1
1
1

3. Area of Concern
Natural Stope
Foundation

5
1

4. Type of Problem
Failure
Interesting
Serious
Of Future Concern

In situ and Laboratory Testing: In situ testing has become
the method of choice for the evaluation of embankment
In this regard the dilatometer, the cone
materials.
penetrometer, and the pressuremeter have in many cases
supplanted field sampling and laboratory testing. This is
different from the conditions which were in effect even ten
years ago where field sampling and laboratory testing were
the predominant methods for determining material behavior.

2
1

1
1

5. Age of Slope
Old
Recent

6. (Doesn't Apply)
7. Testing & Analysis
In-situ Testing
Laboratory Testing
Slope Stability
FEM

History tells us that this pendulum will probably swing back to
the laboratory in the future. Nonetheless, in situ tests without
the use of drilling water provide safety against hydraulic
fracture. Thus, field tests will continue to be important for any
investigation program to determine material properties.

8. Instrumentation
Originally Installed
Installed Subsequent
to Problem

3

1
Subsequent to
Initial the Problem
-22
1

Table 3 summarizes our state of knowledge, problems, and
concerns with embankments.

1o. Nature of the Study Problem
Stability
Underseepage
Erosion

Foundation Stability: There seems to be little problem in
designing embankments for highways, railways; and other
uses. However, we still have difficulty in building these
embankments on soft foundations. Almost all of the papers
presented to this Conference (structures that do not hold
back water) address foundation problems. These particularly
difficult foundation· materials are soft clays, loose silts, and
organic materials.

2
2

1
3

9. Type of Material
Rock
Clay
Peat
Sand
Silt

EMBANKMENTS

Second International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

2

3
2
1
1
1
3
1

2

11. Main Feature of Studies:
Preventive Techniques
(erosion control)
(The other 4 papers discuss the problems
and causes; nothing of particular importance-more of interest.)
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when combined '.Yith instrumentation to monitor the
performance of the structure. We are reminded however that
in some cases we still do not perform adequate foundation
exploration to evaluate the suitability or unsuitability of these
soft foundation materials. This has led to several recent
failures (Christodoulias and Gianaros, 1988).

For example, under seepage is a particular problem in many
areas (Marsland, 1988). Similarly wave action at the base of
cliffs is a similar source of instability for coastal slopes.
The Thistle Landslide (Leonard & Olsen, 1988) and the Val
Pola Landslide (described in this paper) were both almost
surely initiated by seepage forces and uncontrolled pore
water pressures. The ability to monitor the magnitude of
these pore pressures and their effect on slopes is important
for evaluating the potential for major slides and for designing
remedial measures to minimize the possibility of the slide
taking place. For a large slide where no remedial measures
are possible, Civil Defense warning and monitoring may be
used to minimize the effects of the slide if it should occur.

Embankment materials occasionally still present problems,
especially if the materials are swelling, expansive, organic, or
lateritic. These special soils must receive special attention
during design and analysis if adequate embankment stability
is to be maintained.
Clearly, many advances have been made in our ability to
design embankments on soft soils or to use marginal
materials for construction of the embankment. Further, much
experience exists on how to build these projects. However,
this experience is not often communicated to new
practitioners or to others with little experience in such design
or construction. One of the purposes of a Conference such
as this Second International Conference on Case Histories in
Geotechnical Engineering is to make this experience known
throughout the industry.

NEWLY DEVELOPED METHODS AND PROCEDURES FOR
THE DESIGN AND PERFORMANCE MONITORING OF
EMBANKMENT DAMS, EMBANKMENTS AND NATURAL
SLOPES
In the previous pages, we have described past
knowledge,problems and concerns for earth dams,
embankments and natural slopes as characterized by the
papers presented to this Conference. To complete this state
of the art evaluation, we offer several new design methods
and performance monitoring techniques from our own
experience that offer future promise for improve design and
safety monitoring of dams, embankments and slopes. These
methods include:

ROADS, RETAINING WALLS, FOUNDATIONS,
EXCAVATIONS
This general classification is a generic way of grouping
together projects which are not really dams, embankments,
or slopes; yet have to do with the performance of soil
supported structures. These papers on various aspects of
geotechnical design, construction, and performance show
that we need to understand material properties to properly
design and construct such projects.

1. Automated instrumentation monitoring of dams
embankments, and slopes.

Highways last longer if we properly consider the material
properties of the base and wearing course; retaining walls
perform well if they are properly drained; buildings do not
crack up on expansive soil if proper design details are
followed; and braced excavations perform properly when
material properties are properly evaluated.

2. Interactive computer aided methods for the desigr
of dams embankments and slopes.
3. Computer aided prediction and monitoring of the
acceptable and unacceptable behavior of dam~
embankments, and slopes.

There is nothing new here, merely a lesson to be learned in
that material properties, their measurement and evaluation,
are the key to evaluating structural response and insuring
adequate long term performance.

AUTOMATED INSTRUMENTATION MONITORING OF
EMBANKMENTS, AND SLOPES

DAM~

The Problem
There is an urgent need to improve the response and t1
reduce the cost of monitoring systems for dams
embankments, and slopes. When performance deteriorates
it often changes rapidly, requiring fast evaluation and quic
response to the situation. On the other hand, there is a hig
cost associated with having instruments read manually on
frequent schedule. Further there is a high cost for manw
data input to any analysis program.

SLOPES
There is nothing new in the fact that the failure of
embankments and slopes is almost always influenced by
adverse seepage and hydro-geologic conditions. All of the
case histories of slope instability presented to this
Conference point up the importance of water seepage and
excess pore pressure in initiating slope failure.
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Immediately fol owing th slid , water a
rains in e area be an to back up b h nd
ick estimate showed th
e pate ti vo ume of water
th could be st red In the I e couJd ~ce d capacity of
700 million cu. ft. (20 mflRon cu. m). The unstable nature of
landslide dams was cause for great cone m and Immediate
action was needed. The problems were compound d by the
presence of an additional10 1/2 million cubic yards (8 mUiion
cu. m) of potentially unstable material left 1,600 to ,000 ft.
(500 to 1,300 m) up the moun n.

The Solution
Automated instrumentation and data transmission provide a
method whereby unattended instrumentation can be
accessed remotely on a scheduled basis or as required
without manual intervention.
Using different types of
communication Including telephone, radio, atellite or met r
burst, data may be collected on a frequent and routine basis.
Importantly, such information is in a format that may be input
directly into computer data base programs for rapid
processing and automated interpretation of project
performance. lhe resulting speed of data collection and cost
savings can pay for such a system in a short period of time.

a

Furthermore, continued small rock fall from the face of the
sHde made work at the bottom of e sl de extremely
hazardous for construction and r< scue worker •

Example Use at Val Pol a. Italy

Emergency Action at Val Pota

Automated instrumentation and monitoring was used to
mitigate the potential for additional damage and potential for
the loss of life at the 1987 Val Pola LandsRde n the North of
Italy (Fig. 1).

Sev ral important questions faced authoritie immediately,
after the lide. These authorltie
dud d the Italian Civil
Defence Protection Agency and e Technical Commission of
the Valteflina Val ey. The ~ chnical Commission was
estabfished to help p blic authorities
the techn cat
management of the mergency:

On the morning of July 28 in a 3 minute period over 42 miUion
cu. yards (35 million cu. meters) of rock fell from a height of
4,300ft. (1,300 meters). roared down the side of the Valtellina
Valley with a speed of 200 mph (320 Km/hr.) more than 300
m up the opposite side of the Valley, before falling back into
the river bed. The slide left a scarp on the mountain attesting
to its soorce, created a landsl'de dam 260 feet (80 meters)
high and over 1.5 miles (2.4 kilometers) long in the bottom of
the Valley, and killed 27 people. Killed were construction
workers engaged in road repairs at the base of the slide and
people IMng In homes up and down the river.

1. What was th safety of th landsRde dam? It was
ell-known that ch dams,
en overtopped,
can fail suddenly with catastrophic rei ase of
water.

3. What was the safety for work rs at the base of the
sHde performing re cue ope o
d doing
remedial construction to ensur the safety o
the landsfide dam and lake? Continued rock
falls and the mas lve piece of slide material
han ng over the Valley wer.
rious concems.

R ure 1. View of the Val Pola, Italy Landslide Where 35
Million Cubic Meters of Material Formed a landslide
Dam 80 Meters High.

Second International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

1645

Data Transmission
Data acquisition and data transfT!ission equipment for the
surveillance system was selected to monitor the geotechnical
and hydrologic instruments. Integrated software in the field
monitoring stations and in central site data collection stations
provides multi-tasking capabilities, multi-user capabilities,
Integral alarms, integral historical data base, integral printing
and plotting, map graphics, and annunciator alarms (Figure

3).
The unique feature that tha data transmission offered to the
Valtelllna project was communications flexibility. The 52
remote data acquisition units at Valtellina collect data and
transmit it via UHF radio links to a central site safely located
upstream in the Valley. The remote data acquisition units
can, in addition to transmitting via radio, also transmit to the
Meteosat satellite (comparable to GOES), the ARGOS
satellite (polar orbiting satellite) or via a future Meteorburst
communication system now being installed by ISMES (Si.lver
and Riccioni, 1988).

Dle1Dfneters. inc:flnometers and
measuren;tent monuments. Hydroprovided to measure
model the performance of the

Qata Mgnttoring and Evaluation System
All of this extensive system of geotechnical and hydrological
.instruments Is Interrogated periodically by a computer-based
data collection system from a central slide monitoring station
upstream from the slide area. The central station is manned
on a 24-hour basis by operators trained to observe abnormal
behavior of the slope and the landslide dam.
Preset alert levels of unacceptable slope movement and dam
performance have been set using numerical risk analysis,
and geologic modeling. These alert levels are continuously
updated as new information Is continuously collected and

SISTEMA INFORMATIVO
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Figure 3.
Schematic Representation of the Valtallina
Automated Data Collection and Data Transmission
Network.
1•••
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analyzed.
As soon as statistical models or observed
behavior indicate an abnormal condition for the slope or the
dam, an emergency warning system is initiated.

INTERACTIVE COMPUTER AIDED METHODS FOR THE
DESIGN OF DAMS, EMBANKMENTS,
AND SLOPES
The Problem

Emergency Alert System

The design of new embankments, dams, and slopes and the
monitoring of the performance of existing structures are
important areas of interest for the geotechnical engineer.
Previously, manual design methods and manual performance
data collection, plotting, and evaluation were routinely used
to prepare preliminary designs and to evaluate whether the
embankment, dam, or slope was performing satisfactorily or
unsatisfactorily. Now computer aided methods may be used
to remove much of the tedious, repetitive calculations
required for both design and performance monitoring. This
provides the engineer more time for 1) the development of
better designs and 2) the evaluation of the results of
performance measurements.

All of the emergency and non-emergency communications
for the Valtellina Monitoring System are redundantly routed
by multiple telephone and radio links. Battery back-up
equipment provides safety against power interruptions. The
new Meteor Burst system will give a third communication link.
Two separate coordination ~enters can independently initic;lte
an alert depending on where the impending danger is
perceived.
The alert center at Val Pola monitors geologic conditions on
the unstable mountain and is responsible for safety warning
at the base of the slide for workers repairing the landslide
dam or for crews constructing a new highway through the
area. All crews are equipped with nearby vehicles for quick
evacuation from the area. Further, crews working in the most
dangerous areas are supplied at all times with an idling
helicopter for even faster evacuation in case of imminent
slope failure.

Two new computer aided design methods have been
developed by ISMES and ENEL, the National Electricity
Board of Italy, to help the designer and the safety engineer to
develop more economical and technically feasible designs
with adequate performance safety. Tested on the design and
monitoring of hundreds of embankments, dams and slopes,
these computer aided methods provide guidance for the
technical requirements required for design and performance
monitoring computer software.
The features of these
programs will be discussed to point out the various tasks and
philosophy required for the development of embankment,
dam, and slope design and monitoring software.

The second alert center is located downstream at Val
Malenco. This center monitors geologic safety in its own
area and in addition monitors all hydrologic information for
ensuring downstream safety of the landslide dam.
Either of these centers, which are in constant communication
with each other, warn officials of the Lombardia Region (the
local Government authority responsible for Valtellina) who
issue safety alerts or_ order evacuation when predetermined
slope or landslide dam safe performance levels are
exceeded.
These alerts are based on predetermined
scenarios of potential landslide and dam break disasters.
These scenarios are constantly refined as new information is
measured and analyzed.

INTERACTIVE DAM DESIGN USING THE COMPUTER
The EDDIS System
ED DIS, "Embankment Dam Design Integrated Software," has
been developed as a tool for the preliminary design of
embankments, dams, and slopes. The program, using full
screen graphics and user friendly language, is designed to
allow the engineer to prepare preliminary designs of
embankments and dams so that he can evaluate engineering
feasibility and cost. The features of the program are the
same as the features that are used manually by an engineer
performing such a study without the computer. Therefore,
the various design steps in the program are a useful guide to
the steps required for the design and implementation of any
integrated design program.

Unique Aspects of Civil Engineering Response to the
Disaster.
The Val Pola disaster represents the first large scale
emergency use of geotechnical instrumentation as a network
for civil defence protection. The rapid deployment and
installation of the equipment with trained operators made
possible the monitoring of the continued safety of the
mountain in only a few days. This is also the first use of a
coordinated real time, on-line data monitoring and safety alert
system both for people, property and for workers.

Dam Design Methodology
Any interactive embankment and dam design software must
allow the designer to optimize in a simple and quick way the
position and cross-section of the structure using graphical
displays of the project. The .software should automatically
compute excavation quantities, embankment zone material

All of these features are powerful arguments for the use of
geotechnical instruments and surveillance in all types of
natural disasters and for existing dams, embankments and
slopes where protection of lives and property are of concern.
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quantities, and other characteristics needed for design. In
this way the engineer can optimize the position and crosssection zoning of the embankment to meet the specialized
requirements of the site. In addition, the program should
make it possible to calculate structural stability and dynamic
stability of the structure. Using all of these inputs, various
design assumptions can easily be checked and compared
based on economic and structural criteria.
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A flow chart of an interactive computer based embankment
dam, and slope design system is shown in Figure 4. Such a
program can be developed in modules to allow the designer
to work on various aspects of the design and to correct
individual designs as he proceeds through the design

441.

SECTION No. 3

process.
Results of a typical analysis are shown as a zoned cross
section in Figure 5 and a plan view of the embankment in
Figure 6. All of these drawings and the corresponding
calculation of embankment material quantities are
automatically developed based on the interactive selection of
design parameters performed by the engineer.
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Figure 5. Zoned Dam Cross Section Developed by th
Interactive Computer Design Program EDDIS.
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Figure 4. Flo~ Chart Showing the EDDIS Methodology for
Interactive Computer Aided Design of Embankments
Dams and Slopes.
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Figure 6. Plan View of Dam Developed by the EDDI~
Program.
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Stability Analysis: Since each of the required embankment
dam or slope cross-sections is available as computed
coordinates, it is easy to perform a stability analysis on any
section of the structure. This may be done by inputting into
the program mechanical characteristics of each of the
materials forming the cross-section and foundation. The
engineer may then specify any feature that he requires for the
stability analysis such as the type of analysis to be
performed, the location of the critical surfaces, or the
requirements for an automatic search for factors of safety on
stability.

COMPUTER AIDED PREDICTION AND MONITORING OF
THE ACCEPTABLE AND UNACCEPTABLE BEHAVIOR OF
DAMS, EMBANKMENTS, AND SLOPES

The Problem
Instrumentation has provided geotechnical engineers with
important insight into the internal performance of
embankments, dams, and slopes. Piezometers monitoring
internal pore pressure, inclinometers monitoring lateral
displacement, settlement gages monitoring vertical
displacements, and other types of instrumentation have
increased our knowledge of behavior during critical phases
of dam life such as during construction, first filling, and rapid
drawdown.
This instrumentation has also provided
knowledge of long term performance, increasing our
confidence in embankment, dam, and slope safety and
project reliability.

The stability analysis then will compute the factor Gf safety for
each of the failure lines. It is very easy to change the
requirements of the stability calculation since the results ar9
all screen plotted.
Modifications and Changes to the Design: Figure 4 shows
that each of the design options needed for embankment dam
and slope design may be changed and corrected based on
subsequent designs. Thus, if the volume computations show
that there is insufficient core, filter, drain, or other material
types at the site, it is a simple matter for the engineer to
change the internal zoning of a soil structure to optimize the
use of local material. Similarly, if the stability calculations
show inadequate factor of safety against sliding, the engineer
can easily change the slopes of the section. Within minutes,
a new design with new volume and stability calculations is
generated giving the designer an opportunity to optimize his
design.

Obviously, the presence of instrumentation is not enough to
assure acceptable project behavior. The instruments must
be read, the data must be summarized, and the results must
be evaluated. Failure to perform any of these activities in a
timely way can be equivalent to having no instrumentation at
all. For example, there have been cases in the past where
well intentioned designers recognized potential slope,
embankment, or foundation problems and in"stal!ed
instruments to monitor these conditions. The data from
these instruments was even routinely collected and
summarized. Unfortunately, the data was then filed away as
unread reports. This resulted, in the case of the Baldwin
Hills Reservoir in a foundation failure. Subsequent to the
failure, a review of the data and plotting of the results showed
a clear pattern of actual dam performance not in agreement
with expected dam performance. Timely plotting and review
of instrumentation data is thus a key element in any soil
structure. monitoring and safety program.

Time and Cost Savings: It is clear that computer aided
design of embankments, dams, and slopes provides
significant cost and time savings to the engineer. It allows
him to spend more time in selecting an appropriate site, and
cross-section without repetitive computations required to
characterize the geometry of the cross-section and the site.
A competent designer can typically spend 1 to 2 weeks to
provide all the necessary volume computations and cost
estimates for the preliminary design of one dam crosssection of one embankment at one location. This two-week
job can be cut down to less than 4 hours using a good
interactive computer aided method for embankment and dam
design. The resulting cost savings to the engineering firm
and to the client are significant and make it possible to
evaluate many structure locations and cross-sections to
optimize the design, cost, and feasibility of the project.

Second International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

However, timely data collection and plotting is not enough to
make appropriate use of the dam, embankment or slope
performance data obtained from instrumentation. Actual
response, inferred from instrumentation readings, must be
compared against some model of acceptable response. This
comparison insures that both short term and long term
project behavior are acceptable and meet· the performance
criteria established by the designer. Unfortunately, in many
cases, such models of acceptable behavior are either lacking
or are not presented in a way that allows for an evaluation of
acceptable or unacceptable behavior.
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The MIDAS Program

New Concepts for Data Monitoring and Interpretation

Many embankment, dam and slope owners and engineers
have implemented the MIDAS Program for managing and
processing data on the engineering performance of their
projects. MIDAS is Management of Information for .Qam

Instrumentation provides information on embankment, dam,
and s~ope performance during construction, first filling (for
dams), through long term operation.
First filling has
historicatly been one of the most important periods in the life
of many embankment dams because it provides the first
opportunity of observing dam performance with internal
seepage conditions. Embankment problems often first show
up during first fiHing. For example, the Teton Dam, which by
the way had no internal instrumentation, failed from
uncontrolled seepage and piping during first filling. Similarly,
long term performance can lead to equally important
problems for aU types of soil structures.

.Safety.
MIDAS, developed by ISMES and the National Electricity
Board of Italy, makes it possible to store, update, and retrieve
and plot in real time a large volume of performance
information
obtained
through
observations
and
instrumentation readings. The program makes it possible to
process this data and to present the results in a format that
may be used for dam safety evaluation.

Fortunately, the use of computer aided methods for data
summary and evaluation can provide data collection and
data evaluation immediately for even the largest
instrumentation program.
Interactive computer aided
methods may be used to prepare time history plots of
instrumentation readings.
At the same time, these
instrumentation values can be compared to predictive
performance models that have been pre-programmed into
the computer. These models, either mathematical models
based on finite element methods or statistical models based
on expected dam performance, provide real time
comparisons of expected versus actual project performance.

More importantly, however, for dam safety purposes, MIDAS
develops statistical or numerical models of acceptable
performance against which are compared instrumentatio 11
data showing actual performance.
Project safety
considerations can then be used to decide if performance is
within acceptable tolerance values.
The statistical model used by MIDAS for performance
evaluations is schematically shown in Figure 7. The model
uses as input a time history of environmental inputs (causequantities) such as pool elevation, rainfall, snowfall, and
temperature (for concrete dams) and a time history of
performance outputs (effect quantities) such as pore
pressure, displacement, and settlement. The time series of
cause and effect quantities are then related through a
regression analysis to establish a functional link that may be
used to interpret current behavior.

Computer aided methods can also decrease the uncertainty
that results when instruments give inconsistent data or when
data dirfers suddenly from long term trends.
Such
inconsistent data can result from human error in data taking,
instrument malfunction, or most importantly, rapidly
deteriorating pe,rformance. Computer aided data processing
makes it possible to use data averaging and data evaluation
techniques that can help decide whether such data is or is
not significant in evaluating behavior.

actual structure

~

Inconsistent data have always presented the engineer with
the question, "Is it the structure or only the instrument that is
experiencing problems?" The easiest answer is sometimes
to disregard the data and wait and see what happens with
the next set of readings. The late Stanley Wilson, a
recognized authority on the interpretation of performance
based on instrumentation measurements, always cautioned
against neglecting any data, no matter how strange, without
a thorough evaluation of the cause of such strange
measurements. In fact, his successful explanation of the
reason for such data in many cases provided new and
important insight into otherwise unsuspected causes of both
acceptable and unacceptable behavior. Computer aided
evaluation provides another important tool for the evaluation
of this type of data.

observed behaviour

L

+
measurement
of
cause-quantities
r'J (t); I (t); R (t)

•

measurement
~f

effect-quantities
0 (t); Q (t); ( ... )

-. •
regression analysis

l
statistical model
li=f (t?, I)
Q=f (R, I)
(

...)

l

11
I
R
0
Q

=time
= temperature
=water level
=rain
= displacemen
=seepage

Figure 7.
Statistical Model Used for Predicting Future
Performance of Dams, Embankments and Slopes.
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The numerical (de~erministic) model used by MIDAS for
P•9rfcrmance evaluation is schematically shown in Figure 8.
This model uses geometric characterization, predicted
material properties and structural analysis to formulate a
mathematical model of expected embankment, dam, or slope
performance.
Observed behavior and instrumentation
measurements make it possible to calibrate the model.

a data base of causative data (rainfall, pool elevation,
temperature) and instrument measurement data was
prepared for all existing data. A typical plot of causative data
and performance data at one of the instrumented cross
sections is shown in Figure 11. User friendly interactive
commands are used to produce such plots showing any
measurements made for the dam at any scale for any time
period. The engineer is able in seconds to cross plot any
causative effect versus any instrumentation measurement to
better evaluate any aspect of dam behavior. Screen plots or
hard copy output plots are all available as options.

The safety control model used by MIDAS is shown in Figure
9. The model compares observed performance (E0 ) and
9Xpected performance (Er) to calculate a difference function
R. The value of A is then compared against tolerance values
;elected by the engineer as the limit of acceptable project
:>ehavior.
Any performance value, shown by a single
nstrument or a group of instruments, that exceeds these
:olerance values may require further information, p~ysical
nspection, or other action to insure safe project
Jerformance.

Using performance data from the first filling of the dam, a
statistical model of expected performance of each dam
instrument was prepared. A typical plot of expected pore
pressure response and actual pore pressure response for
two typical piezometers in the body of the dam is given in
Figure 12. Shown at the bottom of the figure is a plot of the
difference between actual and predicted response. If preselected tolerance values for this difference are exceeded, a
warning message would be provided both on the computer
screen and on hard copy output plots. This would alert the
engineer that further monitoring or more in-depth study of
dam performance is needed.

Jse of Computer Aided Monitoring for the Richard B. Russell
)am
\.n example of the use of computer methods for dam
nonitoring is provided by the Richard B. Russell Dam in the
J.S.A. The first step in implementing this system was to
xepare a computer generated drawing of each i'nstrumented
~ection (Figure 10). These sections provide a picture of the
ocation of each instrument giving an important visual aid that
1ssists the engineer in interpreting measurement data. Next,

Benefits of Computer Aided Monitoring of Dam Performance
Computer aided methods provide important benefits for the
evaluation of embankment, dam, and slope safety. One of

I
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Figure 9. Safety Control Model used to Compare the
Predicted and Measured Performance of Dams,
Embankments, and Slopes.

igure 8. Numerical Finite Element (Determinestic) Model
Used for Predicting Future Performance of Dams,
Embankments and Slopes.

Second International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

1651

the major benefits is. ease of use. Traditionally, hand plotting
of a series of instrumentation values is slow and tedious.
Further. the time and resources required to make manual
cross plots between cause and effect quantities may
preclude the use of this important evaluation technique for
routine work. The MIDAS method, however, with it is internal
data base and presentation capabilities, can provide these
plots in minutes either on the screen of the computer terminal
or as hard copy plots. Such ease in obtaining evaluation
data enhances the quality of project safety decisions
because it provides the engineer with more time to evaluate a
more complete data set.
Rnally and possibly most important, computer aided
evaluation is faster than are manual techniques. Ten
computer generated data plots can be produced in less time
than one manual plot can be prepared. Further, periodic
project safety reports are often required by safety and Civil
Defense agencies. Computer based safety evaluation and
plotting methods reduce the time and cost of preparing these
reports.
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CONCLUSIONS

SPECULATION ABOUT THE FUTURE

Our evaluations of the current practice of Dam, Embankment
and Slope engineering from a study of case history
performance is highly encouraging. For example current
analysis methods combined with appropriate material
properly determines, when carefully formulated and
executed, give meaningful predictions of actual project
performance.
Difficult foundation conditions can be
understood and difficult materials (soft clays, tailings, etc)
can have their properties evaluated.

What We Should Be Doing in the Future:
Our past
knowledge, problems, and concerns identifies four areas of
future practice that we propose will yield important new
techniques and business for the geotechnical engineer.
These techniques of practice for the future include:
1. Better methods for the assessment of the condition and
safety of existing structures.
2. New and improved remedial measures to improve the
condition of existing structures.

On the other hand there seems to be a lack of transferring
experience from experienced to inexperienced practitioners
of geotechnical engineering. This shows up as problems on
soft foundations and problems with uncommon materials or
project geometries.

3. New and improved in situ testing procedures and data
assessment methods to determine soil properties in
the field.
4.

Further, we have shown that new methods and techniques
using automation, instrumentation and computer aided
methods can provide more economical and safer projects.

We look forward to seeing many more case history reports in
future conferences adressing these important topics.

For example, automated instrumentation data collection
methods can be used to reduce the cost of long term
monitoring and provide more timely evaluation of project
performance. Such technology can even be used in civil
defense monitoring and performance measurement systems
to warn us about impending natural disasters.
Similarly, computer aided design methods are freeing the
embankment, dam, and slope engineer from the tedious
calculations and plotting previously needed to prepare
preliminary designs and to evaluate the results of
performance measurements. The resulting time and cost
savings provide an opportunity, 1) to provide better, more
cost effective designs and, 2) to devote more time to the
actual evaluation of measured performance.
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